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Scaffold proteins confer diverse regulatory properties

to protein kinase cascades
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The assembly of multiple signaling proteins into a complex by a
scaffold protein guides many cellular decisions. Despite recent
advances, the overarching principles that govern scaffold function
are not well understood. We carried out a computational study
using kinetic Monte Carlo simulations to understand how spatial
localization of kinases on a scaffold may regulate signaling under
different physiological conditions. Our studies identify regulatory
properties of scaffold proteins that allow them to both amplify and
attenuate incoming signals in different biological contexts. These
properties are not caused by the well established prozone or
combinatorial inhibition effect. These results bring coherence to
seemingly paradoxical observations and suggest that cells have
evolved design rules that enable scaffold proteins to regulate
widely disparate cellular functions.

MAPK | mathematical modeling | Monte Carlo simulations |
cell signaling | phosphatase activity

he sequential activation of multiple protein kinases consti-

tutes a highly conserved intermediate step in eukaryotic cell
signaling pathways and is crucial for the regulation of numerous
cellular decisions (1-3). Common explanations for the ubiquity
of these multileveled kinase cascades include the possibility that
they amplify signaling and incorporate additional regulatory
checkpoints that may improve the specificity and fidelity of the
signal output (4-6). In many instances (e.g., in several MAPK
cascades), these kinase cascades are associated with scaffolding
proteins that assemble multiple components of the signaling
cascade in sequence (Fig. 14) (7-10).

The general principles underlying how scaffold proteins func-
tion to influence signaling in protein kinase cascades are still
poorly understood. Scaffold proteins are believed to be involved
in many regulatory processes such as intracellular trafficking and
pathway sequestering, and several factors have been shown to
influence their signaling function (8). For example, the relative
concentration of scaffolding proteins has been shown to be a key
variable that modulates signal output in many instances (11, 12).
Indeed, one signature of a scaffold protein is believed to be the
appearance of a “bell-shaped” protein titration curve.

Recent reports also indicate that certain scaffolding proteins,
such as SteS involved in the MAPK pathway of the yeast mating
response, can catalytically activate a MAPK upon binding by
inducing autophosphorylation of the threonine residue in the TxY
motif in the MAPK, Fus3 (13). More complexity is added by
suggestions that some scaffolds may recruit phosphatases to their
scaffold-bound substrates (8) or, in contrast, protect scaffold bound
kinases from phosphatase-mediated deactivation (12, 14).

Although functions such as catalysis could be important for
specific systems, the ubiquity of scaffolds suggests that the
physical effects of tethering members of the cascade to a scaffold
may have a functional role. It is difficult to ascertain that specific
effects (e.g., catalysis or feedback) are absent in an experimental
system. Therefore, it is problematic to study this potentially more
generic function of scaffolds. Furthermore, a systematic varia-
tion of the many factors that may influence mechanisms through
which spatial localization of kinases on a scaffold may affect
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signal propagation is currently not tractable. It would therefore
be very useful to identify the most influential variables on which
experiments should focus. For these reasons, we carried out
computer simulations to study whether, how, and under what
conditions assembling a sequence of kinases on a scaffold affects
signal propagation through a multitiered kinase cascade.

We investigated how scaffolds can influence protein motion,
phosphorylation of downstream kinases by an active kinase, and
phosphatase-mediated deactivation of kinases. The signaling
module that we studied (Fig. 1) can be characterized by the
following small number of parameters: the rate at which an active
kinase can phosphorylate a downstream kinase, the rate at which
phosphatases can remove a phosphate group from a kinase, the
binding affinity of kinases to the scaffold or exchange rate, the
relative concentration of scaffolds and kinases, and the param-
eters characterizing the mobility of the various protein kinases.
We studied how scaffolds influence signal propagation for
different physiological conditions determined by values of these
parameters. Schematics of how signaling occurs in solution and
on a scaffold are shown in Fig. 1B. Other important issues that
we examined with this model are the consequences of whether
kinases bound to the scaffold can phosphorylate downstream
kinases that are in solution and whether phosphatases in solution
can act on proteins bound to the scaffold.

The simple model we studied (with a relatively small number
of parameters) allows us to meticulously study these different
scenarios in depth. Yet, it provides enough relevant features to
allow the mechanisms extracted from this model to be biologi-
cally meaningful. Results from our simulations indicate that,
depending on cellular conditions, the spatial organization of
kinases on scaffold proteins can either enhance or inhibit signal
propagation through a kinase cascade. Specifically, scaffolds
enhance signal propagation when prevailing conditions would
lead to attenuation. Conversely, scaffolds inhibit the propagation
of signals that would otherwise be greatly amplified. We discuss
how these results provide a conceptual framework that sheds
light on available observations and suggest further experiments
that could help elucidate the role of scaffolds in cell signaling
processes further.

Model Development and Key Variables

We simulated a model multileveled protein kinase cascade such
as the MAPK. An initial stimulus, S*, (e.g., Ras-GTP) can
interact with a MAPKKK to activate it. The activated MAPKKK
can then activate a MAPKK. The MAPKK, in turn, activates a
MAPK. Finally, the MAPK activates a downstream species. The
following sequence of signaling events,
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Fig. 1. Computer simulations model the effects of scaffolding a kinase
cascade. (A) In a model kinase cascade such as the MAPK cascade, an initial
stimulus, S* (e.g., Ras-GTP), is recruited to and activates kinase A (MAPKKK).
An active A (MAPKKK) in turn activates a B kinase (MAPKK), which then can
activate kinase C (MAPK). Phosphatases are present that can encounter and
deactivate activated kinases. (B) Schematics are shown for the sequence of
signaling events in solution and on a scaffold in our model. For a chemical
reaction to occur in solution, the appropriate species must first come into
contact with its substrate and then overcome a thermal energy barrier to
model catalysis. When assembled on a scaffold, active kinases need only
overcome the thermal energy barrier to activate their downstream target.
Phosphatases are allowed to interact with active kinases that are bound to the
scaffold. Excluding phosphatases from interacting with scaffold-bound pro-
teins is also considered.

S

MAPKKK—MAPKKK*

MAPKKK*

MAPKK———MAPKK*

MAPKK*

MAPK —— MAPK¥,

where * denotes a fully activated kinase, is also described in Fig.
1. Each of these above signaling events is modeled as an
elementary chemical reaction. Each activated kinase can be
deactivated by phosphatase-mediated catalysis. For notational
convenience, MAPKKK will hereon be referred to as kinase A,
MAPKK as kinase B, and the MAPK as kinase C.

Space is discretized on a 100 X 100 X 100 lattice [supporting
information (SI) Fig. 6]. If we assume a lattice spacing of 10 nm,
a typical diameter of a protein, the concentration of kinases in
our simulation box is ~1 uM for kinase A and kinase B and ~5
M for kinase C. In a physiological context, assuming the radius
of the cell is =10 wm, these values approximately correspond to
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~10° molecules of kinases A and B and a copy number of ~5 X
10° for kinase C in our simulation. These relative numbers are
commensurate with reported kinase concentrations (15). Six
hundred generic phosphatases are also present, giving a 1:1 ratio
of kinases to phosphatases. As described in SI Text and SI Fig.
7, in most cases, our qualitative results are not sensitive to
variations of these numbers. For the results presented, all events
occur in the cytosol but the consequences of restricting reactions
to a membrane are also considered (SI Text).

One important variable is the time it takes for an active kinase
to encounter its substrate; our studies focused on experimentally
relevant encounter times as diffusion constants (16), and afore-
mentioned kinase concentrations were chosen accordingly (S7
Text and SI Fig. 8). For most results, we consider the activation
of protein kinases and phosphatase-mediated deactivation to
occur through a single reactive collision involving reactants
making contact and then overcoming a thermal energy barrier.
The results are qualitatively similar in many cases for catalytic
mechanisms (SI Text and SI Fig. 8).

The model as defined above involves the following biophysical
parameters: E, the energy barrier for disassociation of a bound
species from a scaffold; E», the energy barrier for association of
a kinase to a scaffold; E3, the energy barrier for activation of a
kinase by an appropriate target enzyme, and E4, the energy
barrier for deactivation of a kinase by a neighboring phospha-
tase. The amplitude of the initial stimulus is an important
quantity in cell signaling. We define a variable, o = [S*]/[4]o (the
amplitude of initial stimulus scaled to a characteristic density
of protein kinase, [4]y). Other important variables are: A =
Ppigpusion/Preaciion (the ratio of probabilities for attempting diffu-
sion and reaction moves in the simulations), which is a measure
of protein mobility and & = [Scaffold]/[A]o, which is the ratio of
scaffold density to a characteristic density of kinases.

To quantify how signals propagate along the cascade, we
define an amplification factor, ¢, that measures the fractional
change in activated signaling species as the signal propagates
through the cascade (i.e., the ratio of the numbers of an activated
downstream kinase at the end of the cascade relative to that of
the first kinase); ¢ = (C*/A* — 1), where * denotes a fully
activated species, and the brackets indicate an average over many
simulations (analogous to a population average over many cells).
¢ is positive if the signal is amplified as it propagates along the
cascade, and it is negative if it is attenuated. The absolute
magnitude of the signal, § = (C*/[4]o), is also considered.

Sensitivity amplification (17), (d(InC*)/d(InS*)), another met-
ric often used for studying signaling cascades and their input—
output characteristics, is not considered here, because our study
focuses mainly on the propagation of a signal’s amplitude: how
scaffold proteins could shape the dose-response (i.e., input—
output characteristics) of a signaling system has been studied
theoretically (7, 12, 14). It has been suggested that for cases when
enzymes are saturated in solution, scaffolds would decrease the
sharpness of the dose-response curves and can even convert
switch-like to graded responses.

We compute the quantities of interest by using a kinetic Monte
Carlo algorithm (18, 19) that is described in Methods and SI Text.
For reasons mentioned therein, a signaling model using ordinary
differential equations was not used.

Results

Scaffold Proteins Amplify Signals That Are Attenuated in the Absence
of a Scaffold. We first considered the situation where basal
phosphatase activity is high, making the cascade intrinsically
difficult to activate. In this circumstance, weak signals are rapidly
attenuated and do not propagate regardless of whether a scaffold
is present (data not shown). Also, in the absence of scaffolds,
strong signals (o ~ 1) are attenuated (¢ < 0). We obtained this
result by taking the affinity of kinases to the scaffold to be
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Fig.2. Scaffold proteinscanamplifysignals that would otherwise attenuate.
The case of high basal phosphatase activity, E4 = 0. Shown are calculated
values of signal amplification, ¢, ¢ = (C*/A* — 1) (A) and signal magnitude, 6,
0 = (C*/[Alp) (B) for increasing values of the kinase-scaffold binding affinity E.
The A (MAPKKK) and B (MAPKK) concentrations equal that of the scaffold,
whereas the concentration of C (MAPK) is five times larger (other situations
are described in S/ Text and Sl Fig. 7). A strong stimulus, o = 1 (o = [S*1/[Alo),
is used. Two cases are considered: a "“constrained’ case, where species bound
to the scaffold cannot activate species in solution (diamonds in A and circles
in B) and an ""unconstrained’’ case, where species bound to the scaffold can
activate species in solution (triangles in A and squares in B).

sufficiently weak so that, on average, these proteins are not
bound to the scaffold.

When the affinity of the kinases to the scaffold increases, kinases
begin to assemble onto the scaffold. When the affinity is sufficiently
strong, available kinases are bound to their corresponding binding
sites on the scaffold, and this scenario can be interpreted as having
a scaffold present. We find that, when phosphatase activity is high,
and the initiating stimulus is strong, assembling kinases onto the
scaffold results in a sharp increase in the number of active kinases
as the signal propagates along the cascade (Fig. 24). In this
circumstance, assembling kinases on a scaffold allows for significant
signal amplification. For reasonable parameter values, a ~100%
increase in signal output (¢ ~ 1) with respect to the first member
of the cascade can result. Amplification is also evident in the
absolute magnitude of the signal output (Fig. 2B). Thus, when
phosphatase activity is sufficiently high, a scaffold allows for the
effective propagation of a signal that would otherwise be signifi-
cantly quenched. Note that this amplification of signal propagation
occurs even when phosphatases can act on scaffold-bound kinases.

Scaffold Proteins Can Suppress Signals That Are Amplified in the
Absence of a Scaffold. Now we consider situations in which basal
phosphatase activity is low, rendering the cascade easy to activate.
In this circumstance, strong (o ~ 1) and weak (o << 1) signals are
strongly amplified in the absence of a scaffold as there is little to
impede the propagation of signals (Fig. 3 4 and B). The magnitude
of ¢ is much larger compared with the situation where phosphatase
activity is high because, in this case, the signal is amplified expo-
nentially as each activated kinase can activate many downstream
targets.

In striking contrast to the situation where phosphatase levels are
high, for low phosphatase activity, assembling kinases on a scaffold
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greatly suppresses signaling and limits signal amplification (Fig. 3).
For weak signals, this effect is accentuated if scaffold-bound kinases
can only interact with downstream kinases that are also attached to
the scaffold (Fig. 3). Although signal amplification still occurs, our
simulations demonstrate that the extent to which amplification
occurs is severely limited (and approaches nonexistence) when
scaffold-bound kinases are constrained to interact only with other
scaffold-bound kinases.

If scaffold-bound kinases are allowed to activate their down-
stream targets that are not bound to the scaffold, scaffolds have only
a small effect on the propagation of strong signals when phospha-
tase activity is low (Fig. 3 B and D). The slight dampening of the
signal in this case is largely caused by a smaller frequency of
collisions between proteins bound to the scaffold and those in
solution compared with that of mobile proteins in solution.

The ability of scaffolds to limit amplification can also be mani-
fested in other interesting ways. Our calculations show that, pro-
vided phosphatase activity is sufficiently low and scaffold-bound
kinases cannot activate free kinases, increasing the exchange rate
(i.e., lowering the energy barrier for disassociation) characterizing
the binding of the last kinase (kinase C) to the scaffold can result
in more efficient signal propagation (Fig. 4). This result suggests
that the observed (A.S.S., unpublished results) low affinity of Erk
to KSR (a scaffold associated with a MAPK module in mammalian
cells) may serve to enhance signal propagation. It is also tempting
to suggest that this factor could be one (of many) factor(s) under-
lying the recent observation that a mutation, which blocks binding
of the MAPK, Fus3, to the scaffold, Ste5, but keeps the docking site
to the MAPKK, Ste7, intact, results in greater signaling output in
the yeast mating response (13) as this could effectively increase the
exchange rate.

Mechanism Underlying Why Scaffolds Can both Amplify and Limit
Signal Propagation. A unified conceptual framework explaining why
scaffolds can both enhance and attenuate signaling emerges from
our study. Suppose a kinase such as kinase A in Fig. 14 is activated.
In the absence of a scaffold, the number of molecules, N, of the
downstream kinase (kinase B) that it could potentially phosphor-
ylate must be enclosed in a volume that grows with the diffusion
coefficient of the upstream kinase (kinase A) and the time (7p) it
takes phosphatases to deactivate it. Scaffolds impose a stoichio-
metric constraint that limits the number of molecules (Nyar) of the
inactive downstream target (kinase B) that can potentially be
phosphorylated, to those that are bound to the scaffold. When N >
Nscat, an activated kinase (kinase A) can phosphorylate more of its
substrates (kinase B) in the absence of the scaffold. This is the
situation when phosphatase activity is low (7, is large), and so a
scaffold limits signal amplification (Fig. 3). However, when phos-
phatase activity is high, N can be less than Ny.s i.e., signal
propagation in the absence of a scaffold is limited by the short time
available for encounters between kinases before phosphatases
inactivate them. Now, scaffolding results in amplification (Fig. 2)
because the spatial proximity of kinases on a scaffold reduces the
encounter time, and this effect dominates over the inhibitory
stoichiometric constraint.

More precisely, N, must be contained in the volume, Q) ~
(D7p)#2, where D is the diffusion constant, d is the spatial
dimension (d = 2 for a cell membrane, and d = 3 for signaling
in the cytosol or on an endosome). Then,

N = fddxpg

Q

where pg is the concentration of inactive B kinases. If proteins are
assembled onto a scaffold, the only molecules of the inactive B that
can potentially be phosphorylated by an active A molecule are those
that are on the scaffold [i.e., they are enclosed within a volume,
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Fig. 3. Scaffold proteins attenuate signals that would otherwise strongly amplify. Low basal phosphatase levels are considered (Es = 6). Signal amplification
¢, ¢ = (C*/A* — 1) (A and (), and signal magnitude 6, 6 = (C*/[Alo) (B and D) are considered as a function of scaffold binding affinity, E. Two cases are shown:
aweak stimulus (o << 1, o= [S*]/[Alp) of small amplitude and low basal phosphatases levels (E4 = 6) (A and B) and a stimulus of large amplitude (o = 1, o = [S*]/[Alo)
(Cand D). All other conditions are the same as those reported in Fig. 2. As shown in these plots, assembling signaling components onto a scaffold by increasing
E results in significantly lower amplification and signal output. Again, in each panel, two cases are considered: a constrained case, where species bound to the
scaffold cannot activate species in solution (diamonds in A and C and circles in B and D), and an unconstrained case, where species bound to the scaffold can

activate species in solution (triangles in A and C and squares in B and D).

Q ~ (Lgcat)?], where Lyt is the distance between kinase B and
kinase A on the scaffold. The number of kinase B that could be
potentially activated is then

i=NSscaf
Necat = f d% | 2 8@ -3 |,
i=1
Q

where §(X) is the Dirac delta function, and Nyc,s is the number of
kinases that can be activated on the scaffold (one in our case). When
kinases in solution can exchange with scaffold-bound kinases, the
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Fig. 4. Serial engagement of the last kinase can greatly influence signal
output in a MAPK cascade. We consider the scenario where the first two
kinases, A and B (MAP3K, MAP2K) bind tightly (E; = 20) and the binding
affinity C(MAPK) is varied as follows: weak (E; = 4), intermediate (E; = 8), and
strong (E> = 20) disassociation energies. The ordinate represents the fraction
of activated C (MAPK) proteins (a measure of signal output), and the abscissa
is the scaled strength of signal, o, o = [S*1/[A]o. The signal output is largest
when kinase C (MAPK) is allowed to rapidly disassociate (E; = 4) from the
scaffold. Data presented are for a 1:1:10:1 ratio of A/B/C/scaffolds.
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effective Nyof in the sum can be larger. When the system is
characterized by conditions such that N > N, an activated A can
phosphorylate more B proteins in the absence of the scaffold
because the stoichiometric constraint imposed by scaffolding is
inhibitory. This is the situation when phosphatase activity is low (7,
Q,and N are large), and so a scaffold limits signal amplification (Fig.
3). However, when phosphatase activity is high, N can be less than
Nicat because 7, and () are small; i.e., signal propagation in the
absence of a scaffold is limited by the short time available for
encounters between kinases before phosphatases inactivate them.
In these circumstances, scaffolding results in amplification (Fig. 2).
Also, under these conditions, significant signal amplification
occurs even when there are equimolar concentrations of signaling
components bound to the scaffold. The time it takes for a scaffold-
bound downstream kinase to be activated by a scaffold-bound
upstream kinase is much shorter than the time required for the
stimulus, $*, to be recruited to the complex and activate the first
kinase in the sequence. Therefore, when phophatases render
kinases inactive on the scaffold, the kinases further down the
cascade become reactivated on average much more quickly than
those at the beginning of the cascade. This causes scaffolds to
influence kinase activation in a hierarchical fashion. If a scaffold-
bound B* or C* is deactivated, a scaffold bound 4* or B* quickly
reactivates B or C. However, if A* is deactivated, a much longer
time is required for a reactive collision with $*. One then notices
a positive gradient of active signaling molecules when moving along
the cascade. Our simulations suggest that this effect can potentially
be very significant, allowing for many-fold changes in signal output
with reasonable parameter values. This effect can be seen in the
positive values of ¢; in Fig. 24, for example, ¢ ~ 1, implying a
~100% increase in active molecules of C as compared with A.

The Network of Interactions Between Phosphatases and Their Target
Kinases Can Influence the Function of Scaffold Proteins. Although
phosphatases are in general believed to play a crucial role in
regulating kinase cascades, the precise ways in which phosphatases
interact with members of kinase cascades in different contexts are

Locasale et al.
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not fully understood and are currently the subject of intense study
(21, 22). Some have also suggested that, because of steric con-
straints, phosphatases may not be able to interact with activated
kinases that are bound to a scaffold (12, 14). In these theoretical
studies, phosphatases were prevented from acting on scaffold-
bound kinases, which enhanced signaling.

We have studied the consequences of different scenarios by
which phosphatases can interact with scaffolded kinase cascades (SI
Fig. 9). We find that when individual kinases are protected from
deactivation when bound to a scaffold, qualitative behavior in the
signal amplitude does not change (SI Fig. 9 @ and b). Similar results
are obtained when all three kinases are protected from deactivation
when bound to the scaffold. Alternatively, if certain kinases, upon
activation, are never deactivated by phosphatases, then some qual-
itative findings can change as discussed in SI Text.

For instance, in SI Fig. 9c, when phosphatases cannot deactivate
kinase C, assembling kinases on the scaffold with a high affinity
reduces signal output. In the absence of a scaffold and if phospha-
tases cannot act on kinase C, each of these kinases would eventually
become activated. However, binding to a scaffold and preventing
kinases from activating substrates in solution prevents the kinase C
molecules that reside in solution from being activated even when
phosphatases do not act on them. This effect is removed when
kinases that are bound to the scaffold can interact with their
substrates in solution. For these cases (SI Fig. 9¢), such perturba-
tions result in scaffolds having little to no effect on the signal output.

Importance of Scaffold Concentration. One signature of a scaffold
protein is believed to be the presence of nonmonotonic behavior
(bell shape) in a scaffold protein titration curve. If scaffolds are
essential for activation, then too few scaffolds results in reduced
output; alternatively, at high concentrations, scaffolds also would
inhibit signaling because molecules that are activated in sequence
are less likely to be bound to the same scaffold (i.e., the prozone
effect) (7). So, we considered how our results depend on scaffold
concentration under conditions of high (SI Fig. 10a) and low (SI
Fig. 10b) basal phosphatase activity. We find a bell-shaped curve for
high phosphatase activity (SI Fig. 10a) when “titrating” along the
relative scaffold concentration, {. For conditions of low phospha-
tase activity (SI Fig. 10b), the nonmonotonic behavior in signal
output that appears in SI Fig. 10z is no longer present, because, in
this case, both the low phosphatase, inhibitory regime that char-
acterizes the scaffold-mediated signaling and the prozone effect are
at work.

Finally, many parameters governing the behavior of cell signaling
pathways, such as diffusion coefficients, binding affinities, and
catalytic rate constants, are unknown and are likely to greatly differ
in individual physiological contexts. It is therefore essential that we
understand how our results depend on unknown parameter values.
We performed extensive sensitivity analysis with respect to all
relevant parameters to examine the robustness of the qualitative
behavior to parameter values. Our results demonstrate that in most
cases (SI Text) the qualitative function of assembling kinases onto
a scaffold described above is insensitive to variations over wide
ranges of these parameters.

Discussion

A unified conceptual framework that explains why scaffolds can
both enhance and attenuate incoming signals, and why this is
biologically important, emerges from our findings; a summary of
the key findings is given in Fig. 5. Our results suggest that a robust
system that is resistant to spurious noise but needs to respond
vigorously to a strong stimulus should be designed with high basal
phosphatase activity and scaffolds. An example is provided by T
cells where discriminating between minute amounts of antigenic
stimulus and spurious noise is critical. Basal phosphatase activity is
high in T cells [phosphatases have been shown to interact with
MAPK components in mammalian cells (21, 22)], and the KSR

Locasale et al.

Phosphatase Activity

Signal

High Low
Strength

Attenuation >> 100%*

High
No Effect**

Amplification ~ 100%

Low No Effect Attenuation >> 100%

Fig. 5. Summary of different regimes that characterize scaffold-mediated
signal transduction. The characterization of four regimes of scaffold-
mediated signal transduction: (/) high signal strength and high phosphatase
activity, (ii) high signal strength and low phosphatase activity, (iii) low signal
strength and high phosphatase activity, and (iv) low signal strength and low
phosphatase activity. * indicates the case when kinases bound to a scaffold
cannot phosphorylate their downstream substrates thatremainin solution. **
indicates the case when kinases can interact with their downstream targets
thatare presentin the solution. The absence of * or ** indicates that the effect
occurs regardless of whether scaffold bound proteins can activate down-
stream targets in solution. These results summarize our findings when phos-
phatases are allowed to act on scaffold-bound kinases and reflect the balance
between stoichiometric constraints and removal of transport limitations by
scaffolds. As described in Results and Sl Fig. 9, preventing phosphatases from
acting on scaffold-bound kinases does not alter these results substantially.

scaffold (23, 24) is known to amplify signaling through the MAPK
pathway as measured by ERK activation.

Conversely, a system that needs to be highly sensitive to stimuli
should be designed such that the cascade is intrinsically easy to
activate (e.g., low phosphatase activity). Such a system would be
overwhelmed, however, if exposed to a strong stimulus. Scaffolding
kinase components can limit signal amplification and prevent the
potentially catastrophic consequences of amplifying strong stimuli
in this case. Signal integration during phototransduction requires a
response to a few photons, and this is facilitated by a cascade that
is easy to activate. Scaffolding such a cascade using INad (25)
inhibits signal amplification in Drosophila.

Our results suggest that scaffold proteins can intrinsically amplify
strong signals that would otherwise not propagate efficiently, but in
other instances, they can insulate kinase cascades from propagating
signals that would otherwise be strongly amplified with potentially
deleterious consequences. As signaling often results in the up-
regulation of phosphatase expression, it is interesting to speculate
that the role of scaffolds may change with time; scaffolds could take
on positive and negative regulatory functions at different time
points in the course of signal transduction. By amplifying attenu-
ating signals when phosphatases are up-regulated and abating
amplifying signals when phosphatases are down-regulated, signal-
ing specificity and fidelity, to some extent, could then be obtained
by having the scaffold provide the right balance of positive and
negative control of the signal amplitude. Scaffold proteins would
then confer additional, intrinsic feedback mechanisms to an already
carefully regulated, highly evolved, complex cellular process. The
diverse consequences of spatially organizing kinases on a scaffold
revealed by our studies would be further modulated by processes
such as catalytic modifications and feedback control.

Our results highlight the dual positive and negative regulatory
properties that scaffold proteins confer to kinase cascades. Such
properties are predicted to have consequences on shaping the
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input—output characteristics of the signaling cascade. Because
scaffolds limit signal amplification when phosphatase levels are
low, the model predicts that, under these conditions, dose—
response curves would appear less sharp in the presence of
scaffolds. This is because each stimulating molecule has the
ability to activate many more than one downstream target in
solution, whereas the scaffold limits this number. Conversely,
under conditions in which signals attenuate in solution (high
phosphatase levels), scaffolds increase the sharpness of the
dose-response curve only slightly. Such scenarios presuppose
that the kinases are not operating in saturating or “zero-order
ultrasensitive” conditions in solution. The latter situations would
allow scaffolds to change the dose-response from an “all or
none” to a graded response, as has been suggested (7, 12, 14).

We hypothesized that scaffold-mediated signaling could be in-
fluenced by the rate at which kinase C (the MAPK) exchanges with
the scaffold as this would permit a scaffolded signaling complex to
generate many activated C species. Therefore, we investigated the
effects of the affinity of the third member of the cascade to the
scaffold. We found that in some situations decreasing the binding
affinity of kinase C to the scaffold can result in a larger response.
This result follows from the ability of each signaling complex to
potentially activate many of its downstream substrates when the
substrate can quickly exchange with the scaffold. We noted that this
prediction could explain the observed low affinity of ERK to the
KSR scaffold (A.S.S., unpublished results). We also speculated that
this result may underlie recent data that demonstrates that mutating
the docking site of Fus3 to the scaffold Ste5 results in a larger signal
output because it reduces the strength of interaction of this kinase
with the scaffold (13). However, such simple explanations for these
observations may be confounded by specific features of importance
to particular signaling mechanisms. Yet, in light of our results, it is
tempting to suggest that the affinity between the MAPK and the
scaffold may be a crucial parameter that has been evolutionarily
fine-tuned for specific systems.

We also investigated how the topology of the kinase/phosphatase
interaction network affects signal output. When kinases are pro-
tected from phosphatases only when bound to the scaffold, quali-
tative results (SI Fig. 9 @ and b) are the same as when phosphatases
can act on scaffolded kinases (Figs. 2 and 3). But, in some instances
(SI Fig. 9¢), changes to the network topology (i.e., preventing
phosphatase action on certain members of the kinase cascade
regardless of whether or not they are attached to the scaffold) can
change the functional role of assembling kinases onto a scaffold.

Finally, we studied how our results depend on scaffold concen-
tration. For high basal phosphatase activity, we found a bell-shaped
titration curve. This finding is consistent with previous work (12),
which, however, did not consider the potentially inhibitory role of
scaffolds revealed by our studies of situations where basal phos-
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phatase activity is low (Fig. 3). When scaffolds limit signal propa-
gation, no such nonmonotonic behavior was seen (SI Fig. 10b).
Instead, signal output decreases monotonically with increasing
scaffold concentration.

Our computational studies suggest general molecular mecha-
nisms for how scaffold proteins can regulate signal transduction in
diverse ways. Thus, our results provide possible clues for why
scaffolds are involved in so many critical cellular pathways and how
their improper regulation can lead to disastrous phenotypic out-
comes (20, 26, 27). We hope that our attempt to elucidate some
general principles that govern scaffold function provides conceptual
guidelines for future experimentation.

Methods

Simulation Methodology. We simulate a model protein kinase
cascade such as the MAPK cascade (Fig. 14) in the presence and
absence of a scaffold with a Metropolis-based kinetic Monte Carlo
algorithm (18, 19). The Monte Carlo simulations (SI Fig. 6) allow
us to monitor the relevant stochastic processes that occur in cell
signaling. Proteins are represented as discrete objects, occupying a
site on a lattice of dimensions 100 X 100 X 100. Reflecting (i.e.,
hard-wall) boundary conditions exist at each of the faces of the
cubic lattice. The system is not periodically replicated. Proteins can
diffuse (i.e., translate on the lattice in random directions), bind and
unbind, and undergo state transformations according to a pre-
scribed reaction network (Fig. 1). Protein motion is subject to
excluded volume (steric) constraints in that no two proteins can
occupy the same site on the lattice. Chemical (state) transforma-
tions and binding events are modeled as thermally activated pro-
cesses with associated energy barriers, E; for activation, inactiva-
tion, binding, and unbinding reactions.

In a Monte Carlo step, n trials are attempted, where » is the
number of proteins in the simulation. For a given trial, a protein is
first chosen at random with uniform probability. A displacement
move in a particular direction is then attempted with probability,
P(diffusion) = éPd,ﬁusionmin{l,exp(—Em)}, where Pgigpusion is the
probability of attempting a diffusion move. Excluded volume is
accounted for by imposition of an infinite energy barrier, E.,
located at sites containing other proteins but is zero everywhere
else. Upon considering all possible nearest-neighbor interactions,
reaction moves, as determined by the network topology, are tried
with probability, P(reaction) = Pjegeionmin{l,exp(—E;)}, where
Preaciion 18 the probability of attempting a reaction move, E; is the
energy barrier for the ith reaction scaled with respect to kgT
(Boltzman’s thermal energy).

We thank Mehran Kardar for insightful discussions. This research is
partially supported by the National Institutes of Health Director’s
Pioneer Award (to A K.C.).

17. Goldbeter A, Koshland DE (1981) Proc Natl Acad Sci USA 78:6840-6844.

18. Frenkel D, Smit B (2002) Understanding Molecular Simulation From Algorithms
to Applications (Academic, Boston).

19. Chandler D (1987) Introduction to Modern Statistical Mechanics (Oxford Univ
Press, New York).

20. Park SH, Zarrinpar A, Lim WA (2003) Science 299:1061-1064.

21. von Kriegsheim A, Pitt A, Grindlay GJ, Kolch W, Dhillon AS (2006) Nat Cell
Biol 8:1011-1102.

22. Dougherty MK, Muller J, Ritt DA, Zhou M, Zhou XZ, Copeland TD, Conrads
TP, Veenstra TD, Lu KP, Morrison DK (2005) Mol Cell 17:215-224.

23. Ritt DA, Daar 10, Morrison DK (2006) in Regulators and Effectors of Small
GTPases: Ras Family, eds Balch WE, Der CJ, Hall A (Academic, New York),
Vol 407, pp 224-237.

24. Nguyen A, Burack WR, Stock JL, Kortum R, Chaika OV, Afkarian M, Muller WJ,
Murphy KM, Morrison DK, Lewis RE, et al. (2002) Mol Cell Biol 22:3035-3045.

25. Scott K, Zuker CS (1998) Nature 395:805-808.

26. Bentires-Alj M, Gil SG, Chan R, Wang ZGC, Wang YP, Imanaka N, Harris
LN, Richardson A, Neel BG, Gu HH (2006) Nat Med 12:114-121.

27. Kortum RL, Johnson HJ, Costanzo DL, Volle DJ, Razidlo GL, Fusello AM,
Shaw AS, Lewis RE (2006) Mol Cell Biol 26:2202-2214.

Locasale et al.


http://www.pnas.org/cgi/content/full/0706311104/DC1
http://www.pnas.org/cgi/content/full/0706311104/DC1
http://www.pnas.org/cgi/content/full/0706311104/DC1

